Background/Aims: The chondroitin sulfate proteoglycan serglycin (SRGN), a hematopoietic cell granule proteoglycan, has been implicated in promoting tumor metastasis; however, the underlying mechanisms remain to be elucidated. The present study aimed to investigate the SRGN gene expression and its regulation as downstream signaling of hypoxia-inducible transcription factor 1 alpha (HIF-1α) in colorectal cancer (CRC) cells and tissues. Methods: The expression of SRGN was analyzed in CRC specimens for its correlation with progression and metastasis. Using chromatin-immunoprecipitation (ChIP), quantitative real-time PCR, Western blot, and transwell assay, the functional role and underlying mechanism of SRGN in CRC metastasis were elucidated. Thus, this study provides evidence of a critical role of SRGN in metastatic progression of CRC. Results: Our results indicated that SRGN overexpression was significantly associated with poor prognosis in CRC specimens. SRGN overexpression promoted CRC cell migration and invasion in vitro; however, SRGN depletion exhibited contrasting effects. Mechanistic investigations revealed that HIF-1α regulated SRGN transcription via physically binding to a hypoxia response element in its promoter region. Conclusions: In conclusion, we demonstrated that dysregulated HIF-1α/SRGN signaling promotes CRC progression and metastasis. SRGN may serve as a potential candidate therapeutic target for metastatic CRC.
Introduction
In the United States, there are estimated more than 1.4 million men and women living with a diagnosis of colorectal cancer (CRC) [1] . With high recurrence rates and metastases, and nearly half of cases are diagnosed as late, CRC becomes the third leading cause of cancerrelated mortality both in men and women worldwide [2] .
Hypoxia, or diminished availability of oxygen, is a common characteristic of solid tumors including CRC, in which proliferating tumor cells are oxygen deprived because of aberrant tumor microvasculature and inadequate blood supply. The hypoxic response is primarily attributed to hypoxia-inducible factor (HIF) in the tumor microenvironment [3, 4] . Hypoxiainducible factor 1α (HIF-1α) is a heterodimeric transcription factor that is activated during hypoxic oxygen levels and regulates the expression of several genes [5] [6] [7] [8] involved in cell metastasis and angiogenesis. Moreover, overexpression of HIF1a has been associated with a poor prognostic outcome in multiple types of cancer, including poor prognostic factors for CRC [9] [10] [11] [12] .
Serglycin (SRGN) encoded by the SRGN is a hematopoietic cell granule proteoglycan, and aberrant expression of SRGN have been associated with tumor progression and metastasis, in breast cancer [13] , nasopharyngeal carcinoma [14] and non-small cell lung cancer [15] . SRGN is constitutively secreted from the cells and integrated into the extracellular matrix [16] . Studies have shown that SRGN is mainly expressed in all normal hematopoietic cells [17] , endothelial cells [18, 19] , tumor cells [20] and embryonic stem cells [21] . Moreover, serglycin plays an essential role in the formation of mast cell secretory granules and mediates the storage and secretion of various proteases, chemokines, and cytokines. Thus, SRGN is suggested to be highly correlated with CRC metastasis Therefore, the present study aimed to investigate the expression and biological function of SRGN in CRC cells and elucidated whether HIF-1α could activate SRGN.
Materials and Methods

Study Subjects
This retrospective study included 105 patients with colorectal adenocarcinoma who received treatment at The Second Hospital of Tianjin Medical University between 2010 and 2015. This study was approved by The Tianjin Medical University Second Hospital Ethics Committee and written informed consent was obtained from each patient.
Evaluation
American Joint Committee on Cancer (AJCC) stages of the colorectal tumor lymph node was determined according to the seventh edition AJCC staging system using available clinical and pathologic tumor, node, and metastasis data. The same pathologist had evaluated both the diagnosis of the primary tumor resection and progression of the disease. Patient demographic characteristics including age, sex, clinicopathologic data such as tumor size, histological type, grade and TNM staging, the effect of treatment and clinical outcomes (overall survival) from hospital records were collected.
Cell culture and hypoxia treatment
Human CRC cell lines HT29, HCT8, and LS180 were obtained from the Chinese Academy of Sciences Type Culture Collection (Shanghai, China). All cells were cultured in DMEM/F12 or PRIM 1640 supplemented with 10% fetal bovine serum (v/v) in a humidified atmosphere of 5% CO 2 at 37 °C. For hypoxic exposure treatment, the cells were placed in a modulator incubator (Thermoelectric company) that was flushed with a gas mixture consisting of 5% CO 2 1.5% O 2 with balance N 2 , sealed, and incubated at 37 °C.
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Establishment of stable cell lines
A pCDH-puro lentiviral vector overexpressing CDS region of HIF1α and SRGN was used. Moreover, for the knockdown experiment, a pLKO.1-bsd Lentiviral vector encoding shRNA SRGN to silence SRGN expression and a control vector with scrambled RNA was prepared by following the user manual. Lentivirus was produced in HEK293T cells by cotransfection with the control plasmid, expression plasmid or the packaging plasmid, using Lipofectamine 2000 (Invitrogen, 11668027) transfection reagent according to manufacturer's instructions. Culture medium containing lentiviral particles was collected 48 hr post-transfection. Viral supernatants were pooled and stored at -80°C. This virus (2 ml) was used to infect HT-29, HCT-8 and LS180 cells pretreated with Polybrene (2 μL) at 37°C for 30 min. Stable cells expressing HIF1α and SRGN were selected using 2 μg/mL puromycin and 4 μg/mL Bsd for 3 days.
Western blot analysis
Cells were harvested, washed and the total proteins were extracted in ice-cold RIPA buffer supplemented with proteases and phosphatases inhibitors (Sigma-Aldrich, Sigma, USA). The protein concentration was quantified using the Pierce Protein Assay Kit (Pierce, 23227). For western blot assay, an equal amount of protein was separated by electrophoresis on SDS-PAGE gel and transferred to polyvinylidene difluoride membranes (Merck Millipore, USA). Membranes were incubated with 5% non-fat milk in TBS (Tris-buffered saline) buffer and probed with various primary antibodies HIF1α (Abcam, ab113642, 1:1000); SRGN (Abcam, ab211515, 1:500); β-actin, GAPDH, β-Tubulin (Beijing Ray Antibody Biotech, RM2003, RM2002, RM2001, 1:5000). The membranes were washed three times with TBST and incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (Cell Signaling Technology, anti-rabbit IgG 7074S or antimouse IgG 7076S, 1:5000). Specific antibody binding was detected using enhanced chemiluminescence detection reagents (Pierce).
Quantitative Real-time PCR (qRT-PCR)
Total RNA was extracted from transfected cells using TRIzol Reagent (Invitrogen) by following the manufacturer's instructions (Invitrogen). cDNA was generated using SuperScriptIII cDNA kit (Invitrogen, 18080200). Reverse transcription PCR was performed using (RT-PCR, TaKaRa, RR014A) on an FTC-3000 TM System (Funglyn Biotech Inc., Toronto, Canada), using a first strand synthesis system. All experiments were performed in triplicate each sample was treated in triplicate and β-actin was used as an internal control. Each experiment was repeated at least three times independently. Relative quantitation was calculated using the 2 -ΔΔCt method. The PCR primers used were listed in Table 1 .
Chromatin-Immunoprecipitation (ChIP) and Luciferase Assay
Cells were cultured under normoxia or hypoxia for 12 hr, and then 1% formaldehyde was added to the cells to cross-link the chromatin proteins to DNA for 10 min, and the reaction was stopped with 0.125 M glycine for 5 min. ChIP was performed according to manufacturer's instructions (Millipore, 17-371). Cell lysates were sonicated and incubated with the specific antibodies overnight. HIF1α Eluted DNA was analyzed by PCR and visualized on agarose gel electrophoresis. HCT-8 cells were seeded onto 6-well plates at a 2×10 6 cells/well and were transfected with Lipofectamine 2000 reagent with plasmids pGL3 Basic-HRE-Promoter and its corresponding HRE mutant plasmid pGL3 Basic-HRE-mut and cultured in a medium under normoxia or hypoxia. GL2 luciferase plasmids were cotransfected with a pRL-null plasmid encoding Renilla luciferase (Promega). All transfections were carried out using FuGENE 6 transfection reagent (Roche), and luciferase activity was measured using the dual luciferase assay system (Promega). The cells were incubated for 48 hr after transfection. Renilla activity was measured in cell lysates using the Dual-Luciferase Reporter Assay System (Promega, E1910) with a luminometer Filter Max F5 Multimode Microplate Reader. Results are expressed as fold change and represent the mean ± SD of at least 3 experiments, each performed in triplicate.
Wound healing and cell migration/invasion test
For the cell scratch-wound assays, the transfected cells were grown to 80% confluency in 6-well plates and were then incubated overnight. The cultured cells were then scratched to generate a wound in cell monolayer using sterilized pipette tip. The cells were then washed with PBS for 2-3 times. The cells were visualized under a light microscope at 24 and 48 hours. The cells in the wounded monolayer were photographed at different time points.
The migration was measured using an 8.0 μm hole insert in 24-well transwell. For this assay, 1x10 5 cells in 200μl serum-free medium were seeded to the top chamber of transwell with DMEM/F12 or PRIM 1640. Trademarks coated with 1/4 dilution Matrigel (Corning, 354234) were subjected to invasion assays. PRIM 1640 with 10% FBS was added to the bottom chamber, and the cells were incubated for 8 or 24 hours. Cells that have migrated to the bottom of the filter were stained with 0.1% crystal violet (Thermo Scientific, 3300) for 30 min and counted under a microscope. All experiments were repeated at least three times independently.
Immunohistochemistry (IHC)
Immunohistochemical expression of HIF1α and SRGN in tissue samples of patients with CRC was analyzed using the DAB Substrate Kit (Maxin, DAB-1031). Both the intensity and extent of immunological staining were analyzed semi-quantitatively. The staining intensity was scored with 0 used for negative staining, 1 for low or weakly positive, 2 for moderately positive and 3 for high or strongly positive. According to the percentage of positively stained cells, the sections were graded by four levels: 0 (0% staining), 1 (1% -25%), 2 (26% -50%) and 3 (51% -100%). The final score was determined by multiplying the intensity score with the extent of positivity scores of stained cells, with the minimum score of 0 and a maximum score of 9. A score of less than 2 is considered negative (-), 2-3 low expression (+), 4-6 medium dyeing (++), > 6 high staining expression (+++). The score ≤5 and ＞5 defined low and high, respectively.
Statistical analysis
Statistical analysis of clinical data was performed using the software package SPSS 17.0 software (IBM, Chicago, IL, USA). A two-tailed χ 2 test or the Fisher exact test was used to determine the significance of differences among covariates (the clinicopathological data). All in vitro experiments were performed in triplicate and at least three times. Data were presented either as means ± standard deviation (SD) from one representative independent experiment of three with similar results or means ± standard error of the mean (SEM) from three independent experiments. Variables were analyzed by using both the Student t-test (twotailed) or one-way analysis of variance. A P values less than 0.05 were considered statistically significant.
Results
Association of overexpression of SRGN with clinicopathological characteristics of CRC
We compared the protein and mRNA expression of SRGN in 10 CRC and paired adjacent normal tissues specimens. Despite interindividual variations, both SRGN protein (Fig. 1A, 1B) and mRNA (Fig. 1C) expressions were found to be significantly upregulated in CRC samples as compared with adjacent normal tissues, suggesting that SRGN was activated at transcriptional levels during CRC progression. Immunohistochemical protein expression analysis demonstrated that expression of SRGN was statistically significant (Fig.  1D) ; however, there was no significant difference among different grades (Fig. 1E) . High positive staining of SRGN was observed in metastasis cases of CRC compared with non-metastasis cases (Fig.  1F) . Furthermore, we have analyzed data from The Cancer Genome Atlas (TCGA) and found that CRC patients with high mRNA expression of SRGN had shorter OS compare to those with low expression of SRGN (P < 0.001) (Fig.  1G ). Similar findings were observed when we analyzed and compared the expression of SRGN in 105 primary CRC specimens (Fig. 1H, 1I ).
Further to determine the role of SRGN in the pathogenesis of CRC, we evaluated the association of SRGN protein expression in CRC with clinicopathological characteristics. However, there was no significant association between SRGN expression and age, gender or histological differentiation (P > 0.05) ( Table 2 ). These findings indicated that SRGN may play critical roles in CRC development and progression and may serve as a potentially valuable biomarker for CRC.
HIF-1α regulated the overexpression of SRGN under hypoxic conditions in CRC cells
To determine whether SRGN expression could be induced under the microenvironment hypoxia, a hallmark of solid tumors including CRC, we exposed HT29, HCT8, and LS180 cells to hypoxic conditions (1.5% O 2 ) for 12 hours. Noticeably, we found that the expression of SRGN in CRC cells both at the mRNA and protein levels increased significantly under hypoxic conditions, moreover, HIF-1α protein expression also increased rapidly in these cell lines ( Fig. 2A and 2B ). Compared to the HT29, HCT8 and LS180 cells with basal level expression of HIF-1α (Fig. 2C ), HT29 and HCT8 cells exhibiting overexpression of HIF-1α markedly upregulated the expression of SRGN both at the mRNA (Fig. 2D) and protein (Fig.  2E ) levels under normoxia; however, HIF-1α knockdown remarkably reduced the expression of SRGN in HCT8 and LS180 cells (Fig. 2F and 2G ) with normoxia. These results suggested that hypoxia induces overexpression of SRGN in CRC cells and HIF-1α is involved in this regulatory mechanism.
Next, we also analyzed the mRNA expression data from TCGA, on SRGN and HIF-1α and found a significant positive association between the two (Fig. 2H) . On further stratification of HIF-1α mRNA into low and high groups based on the median level of expression, SRGN mRNA level showed statistical significance (Fig. 2I) . We performed IHC analysis of HIF-1α and SRGN expression in tissue specimens obtained from the same patient with CRC. As shown in 
Association between HIF-1α and SRGN expression in CRC cells
Based on western blot analysis of SRGN and HIF1α expression in 3 CRC cell lines (Fig. 2C) , we constructed pLV-SRGN or pLKO.1-shSRGN and controlled stable cell lines and confirmed the expression at mRNA (Fig.3A, 3B ) and protein (Fig.3C, 3D ) level. To explicit whether HIF1α induces SRGN, we used the blocking and rescue experiment using western blot (Fig. 3E) .
Next, to further understand the molecular mechanism underlying SRGN overexpression in CRC under hypoxia, we performed a bioinformatic analysis to predict the potential putative binding sites in the promoter region of human SRGN gene and identified two hypoxia response elements (HREs) (Fig. 3F, up) . To investigate whether HIF1α physically binds to the HREs of SRGN promoter, and transactivate its expression, chromatin immunoprecipitation (CHIP) assay was performed in HCT8 cells at 1.5% O 2 or 21% O 2 . The PCR analysis revealed that only the HRE of SRGN promoter located between 1, 713 to 1, 708 was detected (Fig. 3F, bottom) , suggesting that hypoxia promoted the binding of HIF1α to SRGN promoter. Moreover, to determine whether the HRE2 site is also required for HIF1α to transactivate SRGN promoter, the consensus HIF1α sequence was mutated from ACGTG to ACATG. As shown in Fig. 3G , the mutation in HRE2 nearly abolished the transactivation of SRGN promoter by HIF1α.
SRGN overexpression promoted cell migration and invasion in CRC
An in vitro scratch assay and transwell assays were used understand the role of SRGN in HIF-1α mediated CRC cell migration; we overexpressed SRGN in HIF-1α knockdown HCT8 and LS180 cells. The cells were wounded by scratching and cultured them for 24-48 hours. Results showed that the migratory activity of HT29 and HCT8 was also inhibited by SRGN 
silencing in HIF-1α overexpressing cells (Fig. 4A, 4B ). Nevertheless, SRGN overexpression at least partially rescued the inhibitory effect of HIF-1α knockdown on HCT8 and LS180 cell migration (Fig. 4C, 4D ), suggesting that SRGN was involved in HIF-1α mediated invasion and migration. Cell invasion assays using Boyden chamber confirmed these findings. Both the migratory ability and invasiveness of pLKO.1-shSRGN and pLV-HIF-1α HCT8 and HT29 stable cells were markedly attenuated (Fig. 4E, 4F) , whereas the migratory ability and invasiveness of SRGN in HIF-1α knockdown HCT8 and LS180 cells were much higher than those of control cells (Fig. 4G, 4H ). This findings further confirmed the oncogenic role of SRGN in progression and metastasis of CRC. Taken together, these results indicated that overexpression of SRGN was sufficient to promote CRC cell migration and invasion.
To explore the association of SRGN with epithelial-mesenchymal transition (EMT), the protein levels of several EMT markers were evaluated. A high level of SRGN accompanied elevated expression of mesenchymal markers vimentin and N-cadherin, a reduced level of epithelial protein E-cadherin in the HT29 and HCT8 pLV-SRGN stable cells; however, the suppression of SRGN elicited lower vimentin and N-cadherin expression level, but a higher level of E-cadherin (Fig. 4I) . Together, these results suggested that SRGN induces EMT.
The morphological alteration was observed by confocal microscopy via F-actin staining. Immunofluorescence analysis F-actin confirmed that HT29 and HCT8 pLV-SRGN exhibited some pseudopods or lamellipodia extending from cell bodies; interestingly, the morphology of HCT8 and LS180 pLKO.1-shSRGN cells lacked thin and long pseudopods (Fig. 4J, K) . These data indicated that SRGN was critical for the migration and invasion of CRC cells.
Discussion
The present study investigated the role of SRGN in CRC metastasis. Our data demonstrated that SRGN expression levels were higher in CRC than in adjacent normal tissues. Our mechanistic study revealed that SRGN physically binds to an HRE on SRGN promoter and that overexpression in CRC was predominantly mediated by HIF1α. A positive correlation between SRGN expression and clinicopathologic features of patients with CRC was observed; however, a negative correlation between SRGN expression and overall survival (OS) was also revealed. Some studies have shown that SRGN promotes cell migration by EMT. Together, this study demonstrated that SRGN had a potent oncogenic role in promoting CRC migration and invasion. Considering these findings, we concluded that SRGN is a direct target of HIF-1α in CRCs and play crucial roles in CRC progression.
Recent studies have revealed elevated expression of SRGN in a variety of cancers, including hepatocellular carcinoma [3] , non-small cell lung cancer [15] , and nasopharyngeal squamous cell carcinoma [14] . SRGN is a small molecule glycoprotein predominantly distributed in the cell cytoplasm and cell membrane; however, it can also be secreted and integrated into the extracellular matrix [22] . SRGN can be derived and utilized in exosomes to promote tumor growth and metastasis in multiple myeloma [23] and lung adenocarcinoma [24] ; however, its role in CRC exosomes remains to be elucidated. Furthermore, considering a possible association between SRGN expression and its invasive potential, we suggest that SRGN may have severe impacts on mesenchymal cells or the surrounding tumor cells and necessitate further studies. In this context, we used F-actin as a distinctive of cell motor ability and found that elevated expression of SRGN significantly enhanced CRC migration and invasion, whereas SRGN knock-down significantly reduced the migration and invasion of CRC cells. All these findings are consistent with those reported previously, which strongly supported that SRGN may function as an oncogene in CRCs.
Hypoxic regions are a common characteristic of the microenvironment of the majority of solid tumors [25] . HIF-1 is a heterodimer comprised of HIF-1α and HIF1β subunits. HIF-1α functions as a master regulator of cellular and systemic homeostatic response to hypoxia [26] [27] [28] [29] . Studies have found that in a sustained hypoxic environment, HIF-1α was stabilized and prevented from undergoing protein degradation in a ubiquitin/proteasome pathway. HIF-1α has long been known to be a transcriptional factor, inducing the expression of multiple target genes in favor of the tolerance of tumor cells to hypoxia, by recognizing HREs (5'-RCGTG-3'). Our results indicated that elevated HIF1α levels in CRC transactivate SRGN gene transcription and protein expression. By upregulating SRGN, HIF1α promotes the formation of membrane protrusions such as lamellipodia and filopodia. Taken together, these results indicated that HIF1α/SRGN axle regulate CRC cells invasion and metastasis. 
Conclusion
The present study provides both clinical and experimental evidence of SRGN is an important oncogene in CRCs and that SRGN overexpression was significantly associated with CRC metastasis. In vitro SRGN overexpression promoted CRC migration and invasion. Mechanistically, the expression of SRGN in CRCs was transcriptionally activated by HIF-1α, as an essential regulator of hypoxic microenvironments. Therefore, inhibition of SRGN expression may be more effective for treating metastatic CRC. In conclusion, we demonstrated that dysregulated HIF-1α/SRGN signaling promotes CRC progression and metastasis. SRGN may serve as a potential therapeutic target for metastatic CRC.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry
